In clinical practice, evaluating regional and global left ventricular (LV) systolic function using the wall motion scoring method by two-dimensional (2D) echocardiography (2DE) is well recognized [1] . However, this method depends on visual assessment of LV wall motion, and individual subjectivity may affect its accuracy. Since three-dimensional (3D) echocardiography (3DE) has demonstrated better accuracy and reproducibility than conventional 2DE in measuring LV volumes and ejection fractions [2, 3] , measuring LV segmental volumes and volume changes by 3DE may be a more accurate method than wall motion score by 2DE for evaluating regional LV function. The current study was undertaken to test the hypothesis that 3DE for measuring segmental volumes and EF can be used to detect the presence, location, and extent of regional wall motion abnormalities.
previous myocardial infarction (MI), one patient had dilated cardiomyopathy, and six subjects were from a healthy population. Patients with cardiac arrhythmias, including patients with pacemaker and implantable cardioverter defibrillators were excluded. Informed consents of all participating subjects were obtained before the study. 2DE study.
Routine examination by 2DE was performed before 3DE images were acquired. Wall motion analysis was analyzed by qualitative wall motion score method, and the results were compared with those of the 3DE method. The wall motion scores are as follows: 1 for normal contraction or hyperkinesis, 2 for hypokinesia, 3 for akinesia, 4 for dyskinesis, and 5 for aneurismal segments [1] . 3DE study.
Data were acquired using a commercially available ultrasound scanner (Sonos 5500, Philips, Andover, Mass). A personal computer-based 3D freehand-system workstation interfaced with the software "4D LV analysis" (TomTec Imaging Systems GmbH, Germany) was used for 3D data processing. The workstation software was developed to acquire and display image loops and allow reviewing images, tracing the border of LV endocardium, and analyzing the LV segmental function in 3D format. The freehand system uses an electromagnetic tracking device. The tracking device consists of an electromagnetic-field transmitter and a field receiver. The electromagnetic receiver (position sensor) was attached directly to the ultrasound probe with the frequency of 1.8/3.6 MHz in harmonic mode. During data acquisition the electromagnetic tracking device generates a set of 3 position-and 3 orientation-values. These values specified the location of the ultrasound probe inside the magnetic field and changed as the location of the probe changed. The acquired ultrasound images were transferred to the workstation and digitalized. All other relevant scanner parameters, including the ECG signal, were recorded simultaneously.
The images were acquired with the subjects in the left lateral decubitus position during end-expiratory apnea. Only heart cycles with a cycle length within the gating window (±10% of the mean) were accepted in order to exclude cardiac arrhythmia. The initial apical four-chamber view (4CH) was selected as the first acquisition plane, and 5 consecutive planes (4CH + 30˚,  4CH + 60˚, 4CH + 90˚, 4CH + 120˚, and 4CH + 150˚) were then recorded by manual rotation of the transducer in 30 degree increments around the major axis of the LV. The location of the probe was adjusted to find the correct spatial orientation of the required view by using the view indicator. The view indicator showed the spatial relationship between the previously acquired and the currently acquired plane. After proper positioning of the required plane, image acquisition (one cardiac cycle) was started by pressing the foot pedal and was finished with an alert from the machine. The procedure continued till all required images were acquired. The time needed to acquire all data sets was less than 5 minutes.
3D Reconstruction.
After all images were acquired, raw data were processed using the software "4D LV-Analysis" to produce reconstructed 4D LV images for analyzing the regional and global LV function. Three landmarks (mitral valve, aortic valve, and apex) were set first before the LV endocardial borders could be detected. The software supported the function of automated contour detection (ACD) for the LV endocardial borders and editing for the border adjustment ( Figure 1 ). The endocardial borders of all sequences in the six planes were determined plane by plane, using the ACD function. When the ACD function is activated, an editable ellipse ( Figure 1B) is overlaid on the LV image of the end-systolic sequence from one of the six planes. The shape of the ellipse was calculated from the three previously set landmarks. The contour, size, and orientation of the ellipse were adjusted to fit to the LV endocardial contour as close as possible. After the adjustments were made, the software automatically detected the endocardial borders of all sequences in one of the six planes outside the adjusted ellipse ( Figure 1C ). The software also allowed any part of the detected border to be edited after ACD was used, by stretching the selected border segments inward or outward into a new position. The border had to be edited if the detected border did not fit properly to the true endocardial border because of cavity clutter or endocardial dropout.
After the endocardial borders of the six planes were defined, the 3D images of the LV (LV shell or Beutel) were reconstructed based on these borders. The 3D images were displayed in the animation mode (4D images), mimicking LV motion in cardiac cycles. ment model [1] . LV segmentation was displayed as an overlay to the Beutel (LV shell) and Bull's eye model ( Figure 2 ). The evaluated Beutel has two volume centers of gravity (COG) -phase-related COG and mean COG. The phase-related COG is defined for each phase and therefore its position varies during the cardiac cycle. The mean COG is calculated from all phase related COGs and has a static position for all phases. The mean COG was used for the evaluation of segmental volume. A segmental volume has a pyramid shape with an ASE segment at its base and the mean COG at its top ( Figure 3 ). The "4D LV Analysis" software can plot global and segmental volume changes throughout cardiac cycles as time-volume curves ( Figure 4 ). The time-volume curves were used for analyzing regional and global LV function. Data Analysis. Four parameters of each segment were derived from the time-volume curve for regional LV function analysis: segmental end-diastolic volume (EDV), segmental end-systolic volume (ESV), segmental stroke volume (SV), and segmental ejection fraction (EF). Segmental SV was calculated as the difference between segmental EDV and segmental ESV (SV = EDV -ESV), and segmental EF was segmental SV divided by segmental EDV (EF = SV/ EDV). For comparison with patients who had heart disease, six subjects from a healthy population were studied to obtain normal reference. All volumes and EF measurements of the normal population were expressed as mean ± standard deviation (SD). Given the segmental heterogeneity of systolic function, the segmental EF values of patients with abnormal LV wall motion were normalized to the mean and SD in normal subjects and converted into Z scores (the units of SD from the normal reference) [4] . The segmental SV, the segmental EF, and the Z score were used for regional function analysis. These results were compared with the wall motion score obtained by 2DE.
Results
Normal population. Table 1 shows segmental LV volumes and EF of the healthy subjects. Segmental EDV ranged from 2.2 to 8.8 mL (5.1 ± 1.8 mL); segmental ESV ranged from 0.4 to 4.6mL (1.7 ± 0.8 mL); segmental SV ranged from 1.4 to 7.1 mL (3.4 ± 1.3 mL); and segmental EF ranged from 46 to 88 % (67 ± 11%). Figure 5A plots the segmental time-volume curve obtained from a normal subject. Table 1 also shows the 95% confidence intervals (C.I.) for the segmental EF of various segments.
Patient with old inferior wall MI.
The global LV function data were as follows: EDV: 61.8 mL, ESV: 34.6 mL, SV: 27.2 mL, EF: 44%. Table 2 presents segmental LV volumes, segmental EF, Z score, and wall-motion score; Figure 5B shows the regional time-volume curve. The segmental SV and EF values of the inferior and inferoseptal wall were less than those of the other myocardial walls (segmental 
Ant, anterior; Lat, lateral; Post, posterior; Inf, inferior; IS, Inferoseptal; AS, anteroseptal; B, basal; M, mid; A, apical. EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction; C.I., confidence interval. SV <1mL; and segmental EF <40 %). The systolic abnormality of the inferior wall can be identified from the low value of segmental SV, segmental EF, and the large deviation of Z score (<-2).
Patient with old anterior wall MI.
The global LV function data were as follows: EDV: 195.6 mL, ESV: 171.2 mL, SV: 24.5 mL, EF: 12.5 %. Table 3 lists the segmental LV volumes, EF, Z score, and wall-motion score; Figure 5C plots the regional time-volume curve. The segmental EDV and ESV of all segments were increased compared to those of normal reference. In particular, the segmental EDV and segmental ESV of the anterior wall were much larger than those of the other myocardial segments (anterior basal segment 17.7 and 17.5 mL; anterior mid segment: 16.6 and 15.6 mL, respectively). The segmental SV and EF of the anterior, anteroseptal, inferoseptal, and apical wall segments were around zero or were negative. Akinesia or dyskinesia over anterior, apical, and septal wall could be identified. Severe LV systolic failure was identified by the Z scores (all Z <-2).
Patient with dilated cardiomyopathy.
The global LV function data were as follows: EDV: 280.8 mL, ESV: 227.3 mL, SV: 53.5 mL, EF: 19 %. Table  4 shows the segmental LV volumes, EF, Z score, and wall-motion score; Figure 5D plots the regional timevolume. The segmental EDV and ESV of each segment were increased, similar to the patient with the old anterior wall infarction. This patient exhibits less heterogeneity of segmental SV and EF than the patients with a prior myocardial infarction. The segmental SV values (range: 1.7-6.0 mL; mean ± SD: 3.5 ± 1.1 mL) were similar to those of the normal population, but the segmental EF was lower (range: 13-34 %, mean ± SD: 20.6 ± 5.9 %). LV systolic failure was identified by the Z scores (all Z <-2).
Discussion
The evaluation of LV global and regional function is important for clinical care of patients with heart diseases. Transthoracic 2DE is the most widely used method for evaluation. However, 2DE is not the best alternative for accurate determination of the LV volume and EF of a diseased heart because the geometric assumption that underlines 2DE volume estimate is less appropriate for a diseased heart than a normal shaped heart. Various 3DE modalities for accurate LV volume assessment have been developed; they have been validated against several other reference standards such as MRI [5] , scintigraphy [2] , and electron- Unlike studies about the assessment of the global LV function, studies of regional LV function by 3DE were few. Collins et al. [7] analyzed regional wall motion abnormalities using real-time 3DE. They visually assessed and graded the wall motion of 36 segments in each patient from six equally spaced long-axis views. Frielingsdorf et al. [8] used transesophageal echocardiography with 3D reconstruction to quantify regional wall thickening in primary and secondary myocardial hypertrophy. They calculated the absolute wall thickening (the difference between the end-diastolic and the end-systolic wall thickness) and the fractional wall thickening in 96 regions of the LV.
In clinical applications, the commonly measured parameters of regional function are wall thickening [8, 10] and wall motion [7, 9, 11] . These measurements can be made in one-, two-, and three-dimensional modes. Wall-thickening analysis measures absolute wall thickening and fractional wall thickening and is a onedimensional analysis. Wall motion analysis measures the displacement of the LV endocardial wall at two instants in the cardiac cycle. Wall motion can be measured in one dimensional mode as the linear distance between the end-diastolic and end-systolic contours and normalized to yield a shortening fraction [12] . It can also be measured in 2D mode as the change in the area of a region between the end-diastole and end-systole and normalized by the end-diastolic area to yield the fractional area change [13, 14] . Similarly, it can be measured in 3D mode as the change of regional EDV to yield regional EF. A previous study showed that the fractional area change is less subject to variability in delineating the endocardial contour and is better than the linear method in detecting regional dysfunction [13] . The most probable reason for this finding is that the fractional area change samples a given region more completely and consequently is less susceptible to errors introduced by sampling of minor aberrations than the linear method. It is likely that our method goes the same way and takes the advantage of more complete sampling by 3DE.
From the data of a healthy population, the mean and standard deviation of regional EF vary in different segments of the LV. These parameters of different segments cannot be averaged validly unless they have comparable distributions. One solution to this problem is to convert the values into Z scores (units of SD from the mean of a normal reference population) [4] . These standardized parameters of regional wall motion can be averaged over regions and compared among different regions and different patients. Therefore, establishing a normal 95% confidence is important for individual comparison of normal and abnormal subjects.
In this study, the absolute stroke volume was not found to be useful in distinguishing normal from abnormal segments because of individual and segmental heterogeneity. As LV remodeling occurs, the global and segmental volumes are increased to maintain normal stroke volume with reduced wall motion. Given segmental EF values less than 40%, most of the segments with abnormal wall motion can be identified. This cutoff value is similar to the low limits of the segmental EF 95% C.I. (mean-2SD) in most segments of the normal reference.
Limitations.
In this study, freehand 3DE was used to evaluate regional LV function. The 3D image was reconstructed from multiple 2DE views that were recorded separately. The final image represents a composite of several cardiac cycles. For patients with cardiac arrhythmia, this system would result in reconstruction errors. Setting a narrow gated window would minimize the errors associated with cardiac arrhythmia and collected images from cardiac cycles with similar cycle lengths. Images were recorded during end-expiratory apnea, and the recording was completed in less than five minutes to reduce the errors associated with positional changes. Real-time 3DE may solve these problems.
Automated border detection was used to trace the endocardial border. It reduces the tedious work involved with endocardial tracing for quantitative analysis of wall motion and eliminated the subjectivity of determining the endocardial border, but its application to patients with poor echocardiographic window is still limited.
Clinical implications.
The freehand method is a clinical, feasible, non-realtime method with a fast and easy acquisition, which can be easily adapted to all commercially available 2D ultrasound machines. This versatility is an advantage for centers that do not wish to dedicate one echocardiography machine exclusively to 3DE.
Conclusions
The present study introduces new parameters of regional LV function that might help to evaluate patients with LV wall motion abnormalities. This method can be used to detect the presence, location, and extent of regional wall-motion abnormalities. It is potentially useful for both diagnosis and evaluation of treatment efficacy in patients with coronary artery diseases.
